The electricity-conducting rubber force sensor is an attractive candidate as a low-cost material for tactile sensors. This article shows the evidence that the output reproducibility is largely improved when two identical sheets of the sensors are stacked. The stacked structure may reduce accidental error that is a fatal obstacle in an accurate control system.
Introduction
Fully automated control systems are widely used in mass production factories since long before. In some cases, a half-automated system is engaged where the operator's decision is required during a process. In other words, an operator should adjust something in such a system. For example, it is difficult to realize fully-automated robot in a nursing care field. So, partly-assisted care robots have been developed steeply nowadays. Tactile sensors can play a role in an interface between an operator and a machine as for touching [1] - [4] .
We have been engaged in the development of the electricity-conducting rubber force sensor as a tactile sensor in these years [5] , because the conducting rubber sheet is so cheap and easy to handle. We investigated the some kinds of electrodes on the rubber force sensor and found that aluminum deposited in vacuum was suitable because the dynamic range is the largest: until 150 N (44 mm × 44 mm square area).
We further found that radiation heating during the vacuum deposition deteriorated the rubber characteristics [6] . The standard deviation of the output voltage becomes large with this deposition method. We have then adopted two sheets of aluminum foil attached to the both side, to reduce the standard deviation in the convergent output voltage. The dispersion of the convergent value was not small enough to be applied to the commercial use.
The rubber force sensor can sense the compression force between the both sides in the form of the reduction of electrical resistance across the both sides. This kind of sensor has a great advantage of low cost but the annoying disadvantage of poor reproducibility in the resistance at the same time. The dispersion of output signal at the same applied force to the sensor has to be an obstacle to use the output signal for a feedback control.
We propose the stacked structure of the sensors in this article and expect the reduction of the output dispersion, resulting in more accurate estimation of the force. Since the large output dispersion is an inherent fault of the rubber sensor, the improvement of this disadvantage will give a large impact on pressure-sensor technologies.
Experimental Details
The electric-conducting rubber has the structure that conducting particles are dispersed in a rubber matrix. Two kinds of rubber sheet sensors are known depending on a particle substance: metal and carbon. Generally speaking, the electrical resistance reduces when the compression force is applied to the rubber sheet, because the path for electrical current forms following the particles are contact each other by the applied force.
The change in the electrical resistance is detected as a voltage change. The response is quite different in these two types. The former shows a step-like response as if there is a certain threshold, while the latter shows a gradual change in resistance by the applied force. In our research, the goal is the estimation of the applied force on the basis of the output voltage; hence the latter type is suitable to apply to a force sensor.
Our previous research shows that the standard deviation of the output voltage is smallest when the electrode of the sensor is aluminum foil just attached to the rubber sheet. Therefore, aluminum foil was adopted in this experiment. The square aluminum foil having a little bit smaller area than the rubber sheet was put on a surface, and only one end of the square was fixed with adhesive tape. On the back side of the rubber sheet, another aluminum foil was put and fixed in the same way on the other end. The stacked structure was formed by the superposition of the rubber sheet with aluminum foil electrode on both sides alternatively. The area of the rubber sheets was a square of 9 cm 2 .
The sensor was located on a table and a weight was put on the sensor. An iron plate was inserted between the weight and the rubber sensor, in order to avoid non-uniform force to be loaded on the sensor. Since the weight was 100, 300 or 500 grams, the weight of the iron plate was light enough to be ignored. The three kinds of weight give the forces of 0.98, 2.9, and 4.9 N, respectively.
The electric circuit for the detection is shown in Figure 1 . The element of r in the figure corresponds to the rubber sheet sensor, the electric resistance of which varies 
Results
We measured the time response on output voltage as for a single rubber sheet sensor.
The results are shown in Figure 2 ; the loaded weights were 100, 300, and 500 g, respectively. The origin of the time was set to the point where the weight was put on the sen- We next show the similar results in Figure 3 when the two rubber sheet sensors were stacked. The transient region is similar to the previous results. The convergent output voltage is higher because the two outputs voltages are simply added. The noticeable point is that the dispersion of the convergent outputs becomes smaller in all three cases.
The dispersion of the convergent outputs is surely annoying for the estimation of the applied force from the output voltage. It is ideal that there is no dispersion in the convergent output, but it would be actually unhopeful to eliminate the dispersion using such a low-cost device. These results clearly show the effectiveness of the stacked structure to the reduction of dispersion in the convergent output.
Discussion
Each experiment included 50 trials, where the convergent output is dispersed as described in the previous section. The averaged output through 50 cases is shown in Figure 4 as a function of applied weight. The average out-put increases monotonically with the applied weight in both cases. It is worth noting that the stacked structure gives more proportional relationship between the average output and the applied weight. It can be noticed that the average output from the stacked structure is about twice as large as that from the single structure, for the weight of 500 g. The absolute value of the output voltage, however, depends strongly on the sample, so it does not mean that the stacking enhances the sensitivity. Then the absolute value should be calibrated for a practical use. We next discuss the dispersion in convergent output voltage. The absolute errors for the maximum and minimum output separated from the average value are shown in Figure 5 . It can be found that the stacking reduced the errors in both figures. Basically the error declines with the applied weight in general. From these evidences, the stacking drastically suppresses the extreme error.
We treat the error from the aspect of the standard deviation. The obtained standard deviation is shown in Figure 6 . In this figure, the standard deviation was taken as the relative value to the average convergent output voltage. The figure well evidences that the relative standard deviation is reduced to a large extent by the stacking.
We now speculate the reason for the improvement of the characteristics by the stacking. The large dispersion of the convergent output voltage inherently derived from the molecular structure and the state of the embedded carbon particles in the rubber matrix. It can be well accepted that this inherently causes the large dispersion in the convergent output voltage. By stacking the rubber sheet sensor, the accidental errors can be compensated each other and then the error possibly reduces by the stacking as a result. It is assumed that more stacking can reduce the accidental errors.
The absolute value of the electric resistance strongly depends on this microscopic structure in nature. It is quite difficult to control the conformation of molecular ordering in polymer materials. We showed that the stacking reduces the dispersion of convergence output evidently. This reduction surely contributes to the more precise control. In this way, one can make the most of the biggest merit of the low-cost pressure sensor. 
Conclusion
The electric-conducting rubber-sheet pressure sensor has a great advantage of low cost but the big problem of the large dispersion of convergent output at the same time. In order to suppress the dispersion, the stacking structure was introduced. Our experimental results show that the dispersion was suppressed successfully. In addition, it was found that the relation between the weight loaded on the sensor and the output voltage becomes more proportional by the stacking. It is expected that the more number of stacking might reduce the dispersion further for practical applications.
